This work aims to determine if thermogravimetry could be used to determine the degree of conversion of soybean oil to biodiesel without knowing the amount of ester in the sample, comparing the results with the values obtained by the standard method, gas chromatography. The syntheses were made using homogeneous and heterogeneous catalysts, and the measures were made in triplicate on both pieces of equipment. The average values (%) obtained were 74.59 ± 0.58, 66.5 ± 1.62, 13.54 ± 0.32 by thermogravimetry and 74.09 ± 0.46, 62.08 ± 2.19, 17.07 ± 0.31 by gas chromatography. These data were statistically compared using F-test, and the result indicated that the thermogravimetry could be used as analytical technique to determine the degree of conversion of biodiesel, with the same reliability as gas chromatography. The thermogravimetry shows more advantages than gas chromatography, because it does not require organic solvent, following the Green Chemistry Principles, and it is already used to determine other thermal properties of biodiesel.
Introduction
Biodiesel is considered as a biofuel and a substitute of diesel [1, 2] . The growing biodiesel demand has caused increased global production, which could expand 24.0% by 2024 compared to 2014 [3] . Gas Chromatography (GC-FID) is the standard method to determine the degree of feedstock conversion to biodiesel in most countries, as determine by the standards [4, 5] . These standards establish the use of organic solvents, such as n-heptane and toluene; however, both are not completely green solvents according to Green Chemistry [6, 7] . Hence, a technique that does not use any solvent is strongly recommended considering the environmental aspects. Thermogravimetry (TG) is an excellent choice, due to the absence of solvents. Moreover, this thermal analysis technique is already used to determine other properties of biodiesel, such as thermal stability, moisture content, oxidation, purity [8] [9] [10] [11] [12] [13] [14] [15] [16] , which reduce the total time to characterize the biodiesel. The reduction in analysis time, the nonuse of solvent, and the non-generation of effluent (considering that in CG-FID analysis the solution n-heptane and biodiesel are discarded) of the TG technique are in agreement with the Green Chemistry [7] .
This technique was previously mentioned in the literature to quantify biodiesel content in mixtures and compare the results obtained by Proton Nuclear Magnetic Resonance ( 1 H-NMR) [17] and by GC-FID [18] without use of any statistic method. In both works, the TG curves were made under nitrogen atmosphere, which could interfere in thermal stability difference between soybean oil and biodiesel. However, in Ref. [17] , the authors did not specifically determine the degree of conversion, or an equation to determine this variable, or compare the results obtained with the standard method (GC-FID). In Ref. [18] , the authors proposed one equation and conclude that the TG could be used just for biodiesel with high ester content and when the degree of conversion was less than 30.0% the comparative error was equal to 55.8%, which is considered 
Materials
The soybean oil (food grade) was purchased from a local market. All chemicals were of analytical grade and were purchased from Sigma-Aldrich. The precursors of heterogeneous catalyst were calcium carbonate (CaCO 3 ) and strontium nitrate (Sr(NO 3 ) 2 ), while the homogeneous catalyst was sulfuric acid (H 2 SO 4 ). The methyl esters used as external standards in GC-FID were stearate, palmitate, oleate, linoleate, and linolenate.
Experimental

Catalyst preparation
The heterogeneous catalysts calcium oxide (CaO) and strontium oxide (SrO) were prepared calcining the precursors CaCO 3 and Sr(NO 3 ) 2 at 950.0°C for 3 h under air atmosphere.
Biodiesel preparation
The experimental conditions were based on a previous work [19] , the molar proportion oil/alcohol (1:6), and the mass of oil used (50 g) were the same. The time for heterogeneous catalysis reaction was 4.0 h using CaO and SrO, while to homogenous synthesis was used 1 and 6 h for sodium hydroxide (NaOH) and H 2 SO 4 . The amount of catalyst used in heterogeneous and homogeneous synthesis was 5.0 and 1.0 mass%, respectively, in relation to soybean oil mass.
Mixture preparation
Five mixtures were prepared with biodiesel percentage varying between 0 and 100 mass%. The mixtures were made to simulate the non-reacted soybean oil in transesterification reaction. The samples were named according to the percentage of biodiesel to soybean oil, for example: the system with 50 mass% biodiesel was called 50 BD:50 SO. Thereby, all samples names were: 100 BD:0 SO; 75 BD:25 SO; 50 BD:50 SO; 25 BD:75 SO, and 0 BD:100 SO. These samples were just used in TG analysis to obtain Eq. 1, which will be explained later.
Thermogravimetry (TG)
The TG curves for each sample were obtained using the thermal analysis system from Netzsch, model STA 449 F3. Approximately 27.0 mg of sample were measured and placed in a 70 lL a-alumina open crucible. The parameters were set at a heating rate of 10.0°C min -1 , and a flow rate of 50.0 mL min -1 in a dry air atmosphere. The temperature ranged from 30.0°C to 650.0°C. The derivative of TG curve (DTG) was used to facilitate the understanding of the thermal step and to obtain the maximum degradation rate in the first decomposition stage.
Gas Chromatography with flame ionization detector (GC-FID)
The GC-FID analyses were performed in Perkin Elmer equipment model CG-Claurus, using the Elite-WAX Capillary Column (30.0 m/0.25 mm/0.25 lm), with flame ionization detector (FID). The soybean oil samples were prepared according to the method previously reported [20] to quantify the methyl esters in raw material. The experimental conditions and quantification of methyl esters in biodiesel samples followed the literature [4] and [21] , respectively.
Statistical analysis
The results obtained from the both techniques were analyzed by the F-test, which is a statistical test to compare two variances. The test was performed following the steps described by Ref. [22] .
Results and discussion
The TG curves for each BD:SO mixture are presented together in Fig. 1a . The biodiesel was obtained by homogenous catalysis, and the GC-FID analysis indicates 99.93% conversion. The biodiesel without addition of soybean oil (100 BD:0 SO) was thermally stable until 160.8°C. This first step is associated with biodiesel evaporation followed by degradation (confirmed by a test tube, visual test) and ends at 312.1°C, the temperature that practically all biodiesel mass was already loosed (95.64%). The second step of mass loss (4.36%) occurred continuously and slowly, between 312.1 and 533.0°C, which is related to carbonized residue, as observed in the qualitative analysis in the test tube (visual test). Similar thermal behavior was observed in soybean oil without addition of biodiesel (0 BD:100 SO); however, the feedstock showed a thermal stability higher than biodiesel. The first mass loss (90.84%) occurred in the range of 266.5 and 463.7°C, and the second (9.16%) between 463.7 and 587.9°C.
The TG curves of samples 75:25; 50:50; and 25:75 (BD:SO) are shown in Fig. 1a . The mixtures with different biodiesel amount (75, 50 and 25%) exhibited thermal stability equal to 164.3, 168.5 and 167.9°C, respectively. These values were very similar to biodiesel without addition of soybean oil, as expected. Nevertheless, the DTG curves (Fig. 1b) show four steps of mass loss, rather than the two observed in the isolated compounds (100:0 and 0:100). The first and last mass losses are attributed to biodiesel without addition of soybean oil and to soybean oil without addition of biodiesel, respectively. The second step refers to degradation overlapping of two oils. Figure 1b presents the derivative of mass loss curves (DTG) for each mixture. Except for the sample 100% soybean oil, the samples 100:0; 75:25; 50:50, and 25:75 have a maximum peak at 283.9; 282.6; 284.5, and 293.0°C, respectively, associated to biodiesel degradation. With the increase in soybean oil ratio in the mixture, this peak decreases and a second peak occurs around 366.5°C, evidencing the overlap of compounds in the second mass loss. The displacement of the second peak in the DTG curves to higher temperatures occurs until this peak meets the third peak (around 399.9°C), which refers only to soybean oil decomposition. In the 0 BD:100 SO sample, this both peaks become one wide peak at 396.8°C.
The mass loss obtained until 312.1°C and the maximum degradation rate (DR max ) observed for each sample are shown in Table 1 . The DR max value decreases with increased soybean oil, indicating that this decomposition step is mostly from biodiesel. The mass loss until 312.1°C can be correlated with the biodiesel amount, due to this temperature almost biodiesel was already degraded (95.62%), and then, its amount is proportional to mixtures (25:75; 50:50 and 25:75). A linear adjustment in these data can be made by equation (Eq. 1), which could be used to determine the degree of conversion (DC) of soybean oil to biodiesel.
The DC variable indicates the degree of conversion of soybean oil to biodiesel, and x is the mass loss (%) observed in the TG curve until 312.1°C. The number 4.55 refers to mass loss of isolated soybean oil until 312.1°C and the numbers 0.86496 and 4.668 present in Eq. (1) The values of linear (R 2 ) and Pearson (q) coefficients obtained from the linear adjustment equal to 0.99473 and 0.99803, respectively, indicating that the adjustment could be considered good and there is a strong correlation between the variables. The resulting graphic of liner adjustment is shown in Fig. 2 .
In Refs. [17] and [18] , the authors did not consider the isolated compounds to determine the amount of biodiesel in their transesterification products. However, as observed in Fig. 1a that the SO already started its decomposition before all biodiesel decomposes and this decomposition practically is not noted in SO DTG curve, as observed in Is Thermogravimetry an efficient alternative to gas chromatography in degree of biodiesel… 2593 Table 1 , which shows the mass loss of SO until 312.0°C equal to 4.55%. Hence, is very important made an equation to determine the DC also considering the isolated compounds, and not just the mixtures between SO and BD.
To test Eq. 1, the transesterification reaction was done using sulfuric acid (H 2 SO 4 ) as homogeneous catalyst and the oxides CaO and SrO as heterogeneous catalysts. Each transesterification product was analyzed in triplicate by TG and GC-FID analyses. The TG curves and chromatograms obtained using the homogeneous (H 2 SO 4 ) and heterogeneous (CaO and SrO) catalysts are presented in Figs. 3 and  4 , respectively. The peaks numbered in chromatograms from 1 to 5 are associated to meanly methyl esters founded in soybean oil: palmitate, stearate, oleate, linoleate, and linolenate, respectively. To clarify the difference in thermal behavior of samples, Fig. 5 exhibits the TG curve of biodiesel obtained using each catalyst (NaOH, CaO, SrO and H 2 SO 4 ), as well as the curve of soybean oil. It is noted that according to the decreases in DC, the TG curve is less vertical around 312.0°C; this is due to for biodiesel (100:0) practically all sample was decomposed at this temperature, while for SO sample, the decomposition was just beginning at 266.5°C. These observations show the Is Thermogravimetry an efficient alternative to gas chromatography in degree of biodiesel… 2595
differ [21] . These results indicate that thermogravimetry could be used to determine the degree of conversion of soybean oil to biodiesel, independent of DC value. The statistic data are shown in Table 2 .
Conclusions
The average degree of conversion values obtained by hermogravimetry using Eq. 1 differs by a maximum of 3.53% from the results acquired by the standard method, gas chromatography. The statistical data showed that the variance values obtained from both techniques are comparable, even when the degree of conversion was relatively low. These results demonstrate that hermogravimetry could be used to propose an equation to determine the degree of conversion of soybean oil to biodiesel in homogeneous and heterogeneous catalysis using Eq. 1, without knowing the ester content in sample. 
